and a single OR strongly biased toward males. Threedimensional reconstruction of the antennal lobes of adults suggested a male-specific macroglomerulus and several enlarged glomeruli in females. We predict that functional characterization of ORs and glomeruli will lead to identification of key odorants in the life history of A. glabripennis that may aid in monitoring and controlling future invasions.
Introduction
The Asian longhorned beetle, Anoplophora glabripennis (Motchulsky), is a destructive insect native to Asia that has repeatedly become established in urban areas of North America and Europe (Haack et al. 2010) . A. glabripennis is considered to be among the most serious forestry pests on account of its ability to infest and kill healthy trees of numerous genera, including widely planted species of Acer, Salix, and Populus (Hu et al. 2009 ). To date, invasions have been demarcated and monitored using traps baited with an attractive mixture of volatile organic compounds (VOCs) produced by the host and two components of the maleproduced aggregation-sex pheromone, 4-(n-heptyloxy) Abstract The Asian longhorned beetle Anoplophora glabripennis (Motchulsky) is an exotic forest pest that has repeatedly invaded North America and Europe from Asia, and has the potential to kill millions of trees and cause billions of dollars in damage. Traps baited with an attractive mixture of volatile organic compounds from hosts have been of limited success in monitoring invasion sites. We propose that lures might be improved through studying the olfactory system of adult beetles, especially the gene family of odorant receptors (ORs) and the structure of the antennal lobes of the brain. Here, we report identification of 132 ORs in the genome of A. glabripennis (inclusive of one Orco gene and 11 pseudogenes), some of which are orthologous to known pheromone receptors of other cerambycid beetles. We also identified three ORs that are strongly biased toward expression in the female transcriptome, Electronic supplementary material The online version of this article (doi:10.1007/s00359-016-1138-4) contains supplementary material, which is available to authorized users.
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butan-1-ol and 4-(n-heptyloxy)butanal (e.g., Nehme et al. 2010 Nehme et al. , 2014 . This mixture, however, shows low efficacy of attraction (<100 specimens over multiple seasons ; Meng et al. 2014; Nehme et al. 2014) compared to that of host VOC/pheromone blends that target related genera, such as Monochamus (e.g., >2000 specimens, Allison et al. 2012) , which suggests that a more optimal mixture or attractant likely remains to be discovered. Female-associated VOCs (Wickham et al. 2012 ), a trail pheromone , and a putative third component of the maleproduced aggregation pheromone (Crook et al. 2014 ) have been recently identified, although their effectiveness in monitoring invasion sites has yet to be tested.
We propose that the discovery of additional attractive VOCs might be hastened through studies of the olfactory system of A. glabripennis. Neopteran insects detect VOCs by means of sensory receptor neurons expressing olfactory receptors (ORs), ionotropic receptors (IRs), and a few gustatory receptors (Leal 2013; Missbach et al. 2014) . The ORs appear to be primarily responsible for detection of VOCs (Leal 2013) , while the IRs appear to be sensitive to VOCs as well as abiotic factors, such as humidity and temperature (Benton et al. 2009; Min et al. 2013; Enjin et al. 2016) . In insects, ORs are usually expressed in the antennae, where a single OR gene and an Orco co-receptor are expressed on the dendrites of an individual olfactory sensory neuron (OSN) (Vosshall and Stocker 2007) . In some situations, multiple ORs can be expressed on the same OSN (Couto et al. 2005; Fishilevich and Vosshall 2005; Goldman et al. 2005) . Each OSN projects its axon to the antennal lobe (AL) of the brain, and the axons of each OSN type converge in one of the discrete, condensed neuropil structures in the AL-the olfactory glomeruli (Martin et al. 2011) . Thus, each glomerulus represents the combined inputs of OSNs expressing the same OR gene, or same sets of OR genes (c.f., Koutroumpa et al. 2014) . The size of the glomerulus is thus correlated to the number of associated OSN axons, which in turn may reflect the importance of the odorant information it receives with respect to the life history of the insect (Dekker et al. 2006) , especially when the glomerulus is involved in detecting pheromones (e.g., Christensen et al. 1995) . By functionally characterizing the ORs and/or glomeruli, we may identify novel volatiles that can influence the behavior of an insect species.
Here, we present the OR family of A. glabripennis, annotated from the recent Asian longhorned beetle genome project (McKenna et al. 2016 ). We compare these OR genes in the transcriptomes of male and female A. glabripennis to identify potential ORs that may be biased toward expression in one sex. Finally, we present an initial map of the AL of male and female A. glabripennis to identify enlarged glomeruli, which may be sites of primary neural processing of sensory information about key odorants in the life history of this invasive pest.
Methods and materials

Annotation of odorant receptors
Genomic data were made available through the Asian longhorned beetle genome project (McKenna et al. 2016) . Using TBLASTN (Altschul et al. 1997) , we searched the first draft of the A. glabripennis genome (NCBI: BioProject PRJNA167479) against a database of available coleopteran OR sequences: Tribolium castaneum (Herbst) (Engsontia et al. 2008) ; Megacyllene caryae (Gahan) ; and Ips typographus (L.) and Dendroctonus ponderosae (Hopkins) (Andersson et al. 2013 ). All of these beetles belong to a single species-rich clade (series Cucujiformia) containing ~190,000 described extant species (McKenna et al. 2015) . Models of ORs were constructed from a combination of predictions by MAKER 2.0 (Cantarel et al. 2008) , transcriptome support (McKenna et al. 2016) , and manual annotation in Geneious R6.1 (Biomatters, Ltd., Auckland, NZ). We discarded most partial models that were <100 amino acids in length or consisted of only a single apparent exon, to avoid designating separated exons of one receptor with two names. Pseudogenes were designated when regions of the genome presented strong sequence similarity to a receptor gene, but with nonsense mutations and/or missing splice site sequences.
Peptide sequences of the A. glabripennis ORs were aligned using MUSCLE (10 iterations; gap score-3; Edgar 2004) and subsequent manual adjustment. ORs of A. glabripennis were separately aligned with the three functionally characterized ORs from M. caryae, the OR genes available from the genome of T. castaneum, and published ORs from transcriptomes of three other major beetle families: Chrysomelidae (Ambrostoma quadriimpressum Motchulsky; Wang et al. 2016) , Scarabaeidae (Anomala corpulenta Motchulsky; Li et al. 2015) , and Curculionidae (D. ponderosae). Only genes longer than 100 amino acids were included in this analysis. Phylogenetic trees were constructed from the alignments using FastTree 2.1 at its default settings (Price et al. 2010 ) with nodal support values based on a Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999) . Trees were visualized and edited in FigTree v1.4.2 (Rambaut 2014) .
Odorant receptor genes from A. glabripennis were designated with the prefix AglaOR and numbered consecutively down the tree so that in most cases, genes similar in number also share a predicted phylogenetic placement. The AglaOR1 designation was reserved for the conserved OR co-receptor (Orco) gene, following Engsontia et al. (2008) . Gene names were provided suffix codes of three letters to indicate missing regions of the model (NTE, INT, CTE for N-terminal, internal, or C-terminal gaps), or single letters in the case of multiple missing exons (e.g., NC = NTE + CTE). We assigned OR genes to subfamilies based on their phylogenetic placement and following the naming scheme initiated by Engsontia et al. (2008) . This scheme divides ORs among seven major subfamilies (dubbed "Group 1", "Group 2", etc.), six of which were annotated from the genome of T. castaneum (Engsontia et al. 2008) . The final subfamily in the scheme, Group 7, was subsequently identified from several other beetle families Andersson et al. 2013; Li et al. 2015) but apparently is absent in T. castaneum.
Expression of odorant receptors
We approximated the expression of each OR by searching the unassembled reads of whole-body transcriptomes of an adult male and female A. glabripennis (McKenna et al. 2016) . We recorded 100% matches to peptide sequences of each OR and four housekeeping genes (cytoplasmic actin, EF1-alpha, and ribosomal proteins L32 and S3). Hits were recorded only in the event of a perfect match. We took the number of reads as a rough estimate of transcriptional activity. This number was scaled to the read count of each housekeeping gene to generate an average ratio of reads between sexes (female/male), which was expressed as log 10 to indicate female versus male expression (positive for female, negative for male). Sex-biased transcriptional activity was estimated by observing for genes that were present in a single sex, or, for genes present in both sexes, log ratios that exceeded two standard deviations from the mean activity (exceeding 95% of the expected distribution).
Source of insects for antennal lobe morphology
Anoplophora glabripennis adults were reared separately at the USDA-APHIS CPHST Lab ("Otis Lab"; Otis ANGB, MA, USA) and Pennsylvania State University ("PSU"; University Park, PA). Beetles at the Otis Lab were reared on a diet similar to that of Dubois et al. (2002) for ~3 months, chilled at 10 °C for 11 weeks, and allowed to complete development on the same diet. Adults were fed twigs of striped maple (Acer pensylvanicum L.) until dissection. Beetles were reared at PSU on a pourable modification of a diet designed for Enaphalodes rufulus (Haldeman) for 90 days (Keena 2005) , chilled at 10 °C for 90 days, and allowed to develop until pupation on the same diet. Upon pupation they were transferred to 50 ml Falcon centrifuge tubes and incubated at 27.5 °C until adult eclosion. Adults were fed red maple (Acer rubrum L.) twigs until dissection.
Preparation of antennal lobes
We initially attempted to stain glomeruli with nc82 (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA), an antibody with an affinity for synaptic neuropils in insects (Wagh et al. 2006) . However, the antibody failed to detect a target antigen in the ALs of A. glabripennis. We instead visualized the glomeruli by fixing with glutaraldehyde, which produces fluorescence throughout the AL, but such that the more condensed neuropil of the glomeruli stand out against other tissues (e.g., Sombke et al. 2012) .
Live, adult beetles of both sexes were decapitated with a razor blade, and the brain was accessed either directly through the exposed occipital foramen, or by cutting along the gena and frons. Brains were carefully dissected from the head capsule under 2% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA) in 0.1 M Sorensen's phosphate buffer (pH 7.4; Electron Microscopy Sciences) and using forceps, cleaned of trachea, fat deposits, and other accessory tissues that adhered to the surface. Dissections at PSU were conducted in Tucson Ringer (Waldrop et al. 1987 ), but subsequently incubated in glutaraldehyde solution. Paired ALs were located prominently on the ventral side of the brain relative to the neuraxis, which lies against the dorsal-anterior surface of the head capsule. We discarded samples if these structures were visibly damaged. Successful dissections were fixed in fresh glutaraldehyde solution at 1-3 °C for at least 48 h, dehydrated by a series of 10-min treatments in solutions of increasing ethanol concentration, and cleared in methyl salicylate (SigmaAldrich, St. Louis, MO).
Imaging and analysis of antennal lobe
Prepared brains of four male and four female beetles were imaged on a Zeiss Meta 510 LSM confocal microscope (Carl Zeiss AG, Jena, Germany) or an Olympus FluoView FV1000 confocal microscope (Olympus Corporation, Center Valley, PA). Brains were oriented so that the ventral surface of the brain, and the ALs, were facing the microscope objective and imaged on a transverse plane. Consistent positioning of the brain at this stage was critical for comparing later reconstructions of the AL. This preparation was illuminated by a HeNe laser at 633 nm (Otis) or a combination of 543 and 405 nm (PSU). Excitation of the glutaraldehyde background alone was sufficient to visualize glomeruli, which appeared as bright, discrete clusters in the ALs.
Image stacks were loaded into the software package Reconstruct (v1.1.0.0; Fiala 2005) and the outline of each glomerulus was manually traced on each section of every stack to create a three-dimensional model of each AL. We compared the resulting three-dimensional models and identified prominent glomeruli of consistent position and size in each brain as landmarks. Some landmark glomeruli appeared consistently greater in size than other glomeruli in the AL, and we noted these as "enlarged" if they exceeded 90% of the range of glomerular size in at least two individuals of either sex, and "macroglomeruli" if they exceeded three times the interquartile range (extremely conservative outliers; Hoaglin et al. 1986 ). Remaining glomeruli were classified by their spatial relationship to landmark glomeruli. Glomeruli were classified and named following Ghaninia et al. (2007) . Landmark glomeruli were designated as Class 1 and the other spatially consistent glomeruli as Class 2, while the remaining structures that varied in location or presence across individuals were designated as Class 3. We named glomeruli by their spatial relationship to the neuraxis, with three capital letters indicating the position relative to each axis: anterior/posterior (A, P), ventral/dorsal (V, D), lateral/medial (L, M), or central (C) (Ghaninia et al. 2007 ). All subsequent description of the brain is presented relative to the neuraxis unless otherwise specified.
Results
Annotation of odorant receptors
We annotated 132 genes with sequences similar to the family of insect ORs (Fig. 1 , Online Resource 1A), comprising the single expected ortholog to the Orco gene (Vosshall and Hansson 2011; AglaOR1\Orco) , eleven apparent pseudogenes (AglaOR22, 23, 34, 67, 75, 83, 88, 104, 111, 119, and 122 ; designated by suffix PSE), and 120 ORs. Eightyone of these receptors were annotated with full-length ORFs in the genome. Sixteen additional ORs were nearly complete and lacked only a short initial or terminal exon (Online Resource 1A). The remaining 24 receptors are likely to be complete genes, but with one or more exons missing in unassembled regions of the genome (Online Resource 1A). We were conservative in assigning names to receptor fragments, because fragments with very high sequence similarity to full-length AglaORs may be assembly errors involving different alleles of the same gene. OR models and sequences may be viewed as part of the A. glabripennis genome project (McKenna et al. 2016 ; NCBI: BioProject PRJNA167479), and FASTA files of peptide and nucleotide sequences are included here as supplementary materials (Online Resources 1B, C).
The Anoplophora ORs could be placed almost entirely within the seven established groups of coleopteran ORs (Figs. 1, 2 ; Engsontia et al. 2008; Mitchell et al. 2012; McKenna et al. 2016) . Groups 1 (AglaOR54-68), 3 (AglaOR73-100), and 7 (AglaOR37-53) were clearly defined with high support values. In contrast, Groups Fig. 1 4, 5, and 6 placed within a single, well-supported lineage of AglaORs (AglaOR104-132), defined by the outgroup of AglaOR101-103. Group 2 was only weakly supported, but consisted of two major subgroups that included AglaOR2-28 and AglaOR29-36. AglaOR69-72 was recovered in a position separate from the seven established groups. When receptors from other beetle lineages were included (Fig. 2) , AglaOR71-2 resolved as members of the 3A subgroup (Engsontia et al. 2008 ). AglaOR69-70 apparently were not part of any existing clade of ORs, but grouped with some OR genes in the beetle families Curculionidae (weevils) and Chrysomelidae (leaf beetles), both near relatives of the Cerambycidae.
Seven AglaOR genes were similar to three functionally characterized ORs from the cerambycid beetle Megacyllene caryae, included in Fig. 2 . AglaOR29 was orthologous to McarOR3, a receptor sensitive to the compound 2-methylbutan-1-ol, while AglaOR35-36 were sister to McarOR5, which is sensitive to 2-phenylethanol ). Finally, AglaOR65-68 formed a small clade that also included McarOR20, a receptor sensitive to stereoisomers of 2,3-hexanediol and 3-hydroxyhexan-2-one . The above are all volatile compounds produced by male M. caryae as part of this species' aggregation-sex pheromone (Lacey et al. 2008; Mitchell et al. 2012 ).
Expression of odorant receptors
Of the 120 putative ORs, 89 were present as at least one unique read in the transcriptomes (Fig. 3, Online Resource 2). Most ORs were present minimally, with a median of only four reads. Nine ORs were recovered only from the male transcriptome and 36 ORs were recovered only from the female, but only two of these sex-specific ORs (AglaOR99 and AglaOR43; female) were recovered as more than ten reads (Fig. 3) . Thus, the sex bias of the other receptors is questionable, because it is possible they may have been present but not sequenced from the transcriptome of the other sex. Forty-four receptors were transcribed in both sexes and overall were slightly biased toward the female transcriptome, with an average log ratio of 0.29. Log ratios of 1.62 and −1.02 were calculated as cutoffs for bias in females and males, respectively. AglaOR18, 25, and 28 exceeded the threshold for a bias in females (log ratios 1.85, 1.99, 1.81), and AglaOR16 exceeded the threshold Fig. 2 in males (−1.56). AglaOR102, 38, and 39 were not biased toward either sex, but presented a notably high read count (>100) relative to other ORs in the transcriptomes of both sexes. The actual expression of AglaOR38-39 is unclear because many reads corresponded to a region of shared sequence, but unique reads were assigned to both genes. Thirty-two genomic ORs were not recovered by the transcriptomes, and are probably associated with other developmental stages that were not targeted in this study (e.g., larva; Engsontia et al. 2008) . 
Imaging and analysis of antennal lobes
Glomeruli were clearly visible in the ventral sections of the ALs of both sexes (Fig. 4a) , but the signal strength decreased as imaging proceeded dorsally (Fig. 4b) , leaving some uncertainty to the form and structure of the glomeruli deeper in the AL. The visible glomeruli presented as a hollow, spherical cluster, consistent with observations of isomorphic glomeruli in other insect species (Rospars and Hildebrand 2000; Dreyer et al. 2010) . We identified an average of 60 (range ± 2) glomeruli in females, with the median size of glomeruli in an individual beetle ranging between 55,124 and 79,568 µm 3 . Males presented 55 ± 3 glomeruli, with a median size range of 64,022-90,570 µm 3 (Fig. 5) .
Many glomeruli were inconsistent in location, size, and even presence among individuals in the study, hindering our comparison of the structures between sexes. We ultimately named 18 glomeruli that appeared to be consistent in their large size and/or general location between the sexes, and two additional glomeruli that were apparently unique to females. These glomeruli are described briefly below and illustrated in Fig. 4c, d . Three-dimensional reconstructions, confocal image stacks, and additional descriptions are available in the supplementary materials (Online Resources 3-5).
In both sexes, the AL was clearly bounded by a crest of four class 1 glomeruli along its posterior surface (PCC1-4; Fig. 4c, d) . The large glomerulus PVL1 was situated directly anterior to this crest and acted as a landmark glomerulus to define the class 2 cluster of PVL2-5. Another large class 1 glomerulus, PVM1, was situated medial to PVL1 and, in females, was tightly appressed to two class 2 glomeruli, PVM2 and 3. The class 1 glomerulus CVC1 was positioned at the ventral apex of the AL, and CVC2-3 were immediately posterior and anterior to CVC1. The final class 1 glomerulus, ACD1, was situated at the anterior margin of the AL, near the antennal nerve. Four class 2 glomeruli, AMD1-4, were defined by their proximity to CVC3 and ACD1.
Male and female beetles also differed in their apparent macroglomeruli (Fig. 5a, b) . PVL1 exceeded the threshold for a macroglomerulus in one brain of a female and was greatly enlarged in the remaining three (Fig. 5a ). This glomerulus, though larger than average in males, was never more than twice the median size. In contrast, we classified ACD1 as a macroglomerulus in males because it greatly exceeded our threshold in all four specimens (Fig. 5b) , but was mostly indistinct in females (with one exception; Fig. 5a , Sample 4). PVM1 exceeded this threshold in a single male, and was enlarged in two other males and a female, suggesting it as a second potential macroglomerulus. Additionally, CVC1 and CVC3 were enlarged in multiple males, while PVL2, PVL3, PVM2, and PCC2 were enlarged in females, and PVL4 was enlarged in one individual of each sex.
Discussion
Our genomic and neuroanatomical survey describes a potentially diverse olfactory repertoire for A. glabripennis and highlights several receptors that may play a key role in the ecology of this invasive pest. Notably, the single receptor AglaOR16 was strongly biased toward males, and a single glomerulus in the ALs of males (ACD1) was vastly expanded relative to other glomeruli. Highly expressed, male-biased receptors may be associated with pheromone production by females (Wanner et al. 2007 ). Furthermore, a male-specific macroglomerular complex (MGC) in many lepidopteran species receives and processes signals from OR neurons that are specialized to detect the key components of a female-produced pheromone (Christensen et al. 1995; Namiki et al. 2014) . Brains of A. glabripennis males did not contain a distinct MGC, in that we did not observe the strong sexual dimorphism in both shape and size that defines this region in Lepidoptera (Rospars and Hildebrand 2000) . Instead, each macroglomerulus observed here appears to correspond to a similar but diminished counterpart in the opposite sex, perhaps suggesting a conserved olfactory function, but with differing sensitivity or downstream circuitry (e.g., Datta et al. 2008) . Nevertheless, the male-specific macroglomerulus, coupled with the single male-biased OR, hints at a female-produced sex pheromone: perhaps one or more of the oxidized aldehydes that are associated with virgin females and attractive to males (Wickham et al. 2012) . Similarly, three receptors were more common in the female transcriptome, and female brains contained a potential macroglomerulus (PVL1). This may be sensitive to the male-produced pheromone components, or to other odorants important to females, such as oviposition cues.
The size of a glomerulus can correlate to its importance in the life history of an insect (Ibba et al. 2010) . We identified several enlarged glomeruli that may thus be responsive to volatiles that strongly influence the behavior of A. glabripennis. Many of the largest glomeruli were located near the surface of the AL, potentially making them more accessible to future characterization via calcium imaging (Galizia et al. 1999) or neural recording and dye injection (Reisenman et al. 2005) . A single, unnamed glomerulus deeper in the AL was also enlarged (Fig. 5b, Sample 3 ), but because of limitations in imaging, some dorsal glomeruli were less distinct and we were unable to consistently locate them or assign names. Future surveys of the AL with more powerful imaging equipment (e.g., multiphoton microscopy) or effective antibody stains will be necessary for better characterization of this region.
Nevertheless, the total number of glomeruli identified in our analysis was relatively consistent across specimens. The number of glomeruli in the AL can approximate the number of ORs expressed in the antennae (Vosshall and Stocker 2007) , and indeed we identified approximately 55 glomeruli in the brains of males, and reads corresponding to 52 ORs. However, although the most complex female AL contained 62 glomeruli, we identified 79 ORs from this transcriptome. One explanation for this is that some glomeruli were not successfully mapped or visualized. In particular, the dorsolateral portion of the AL (Fig. 4b , bottom right) transitioned into a region of indiscrete structures, which were occasionally difficult to distinguish from "true" glomeruli. This region probably marks the boundary of the antennal mechanosensory and motor center (Homberg et al. 1989 ), but may include additional structures of the olfactory neuropil. Some ORs may also be co-expressed in the same neurons (Couto et al. 2005; Fishilevich and Vosshall 2005; Goldman et al. 2005; Koutroumpa et al. 2014) , which is another possible reason for the lack of a strict 1:1 ratio of ORs to glomeruli. Additionally, some OR genes may be expressed elsewhere in the body (e.g., Engsontia et al. 2008) , and thus not linked to the deutocerebrum, and such site specificity would have been overlooked by the whole-body transcriptomes conducted here.
The Anoplophora ORs are only the second complete set of receptors annotated from a coleopteran genome, and thus offer the first proper comparison to the unusually large olfactory suite of Tribolium castaneum (Engsontia et al. 2008) . Our analysis confirms speculation by Engsontia et al. (2008) that the prominent expansions of Tribolium are lineage-specific, and in fact, suggests that the major OR Groups 4, 5, and 6 might be better unified as a single group of receptors, along with the recently proposed Group 9 (Antony et al. 2016) . This unified group is defined by a small outgroup of AglaOR101-103, which also includes conserved representatives from other beetles including TcasOR275 (Engsontia et al. 2008 ) and McarOR44 . Unfortunately, few members of Groups 4-6 were present in the published transcriptomes of chrysomelid, scarabaeid, and curculionid beetles, so additional beetle genomes must be annotated to further elucidate the extent of this family.
The remaining Groups 1, 2, 3, and 7 were generally well-maintained. Group 3 included the largest expansion of AglaORs, including a tandem array of AglaOR89-98 that shared a high degree of sequence similarity and may be recent duplications. This cluster may thus be under active selection in A. glabripennis, although no members were prominent in the transcriptomes. Group 2 is recovered with strong statistical support in other studies (Engsontia et al. 2008; Andersson et al. 2013; Li et al. 2015; RFM unpub. data) , so its poor support in the present study is questionable, but it may reflect a division that will become evident as additional beetle genomes are sequenced. The inclusion of TcasOR71-72 in Group 7 is also probably in error, because their placement is inconsistent in studies to date (Engsontia et al. 2008; Wang et al. 2016; RFM unpub. data) . Some authors have even gone so far as to entirely remove them from analyses (Andersson et al. 2013; Li et al. 2015) . It is possible TcasOR71-72 are remnants of a separate, diminished group of receptors in Tribolium that are lost in Anoplophora and the other beetle families included in our analyses.
In fact, our phylogeny suggests two such groups of coleopteran ORs that are separate from the seven primary radiations. The enigmatic Group 3A, identified in the original Tribolium genome project by TcasOR167, is joined by AglaOR71-72, and its relationship with Group 3 is poorly supported here. Group 3A also includes a large expansion of scarab (staphyliniform) genes, suggesting it may be a lineage that is diminished in cucujiform beetles. Similarly, we identified a small, orphaned family of receptors including AglaOR69-70, AquaOR11-12, and DponOR15. Again, genomic data from additional families and suborders of beetles will be necessary to properly define these potentially novel receptor groups. Therefore, we refrain from naming them here.
The ligands of coleopteran ORs remain largely unknown. To date only the three receptors McarOR3, 5, and 20 have been characterized, and they are sensitive to pheromone components produced by the cerambycid beetle M. caryae ). McarOR3 and McarOR5 were highly similar to AglaOR29 and AglaOR35-36, suggesting that these genes may be related to pheromone biology. However, the pheromone components in question (2-methylbutan-1-ol and 2-phenylethanol) are also widespread floral compounds (El-Sayed 2016) with little structural similarity to the known pheromone components of A. glabripennis. Neither of these receptors appeared to be highly expressed in A. glabripennis, in contrast to what might be expected for a receptor sensitive to pheromone components (Wanner et al. 2007; Mitchell et al. 2012 ), but quantitative PCR of antennal RNA will be necessary to clearly establish the relative expression of these and other OR genes identified in this study.
McarOR20 is sensitive to the conserved pheromone components 2,3-hexanediol and 3-hydroxyhexan-2-one produced by many species in the cerambycid subfamilies Cerambycinae and Prioninae , and it is interesting that McarOR20 shares similarity with AglaOR65-68. These are not known to be produced as pheromone components by species in the cerambycid subfamily Lamiinae (including A. glabripennis); nonetheless, AglaOR65-68 may be tuned to detect similar pheromone components produced by the many sympatric cerambycine and prionine species in Asia (Wickham et al. 2014 (Wickham et al. , 2016 , perhaps to enforce mating isolation or aid in identifying host plant material.
We employed a promising new approach for elucidating the olfactory biology of a devastating forest pest, and it has yielded numerous candidate receptors that may be associated with the detection of pheromones or other behaviorally active volatiles. Our data suggest the presence of a key female-produced volatile that is detected by males and has perhaps not been chemically or behaviorally characterized. None of the recently characterized components of the trail sex pheromone produced by females seem to be implicated here as the missing female volatile, because males appear to use mostly their maxillary and labial palps and not their antennae for detecting and responding to this pheromone (Graves et al. 2016) . Functional characterization of receptors such as AglaOR16 should be given top priority because they may reveal A. glabripennis pheromone components or other attractants and improve efforts to monitor for invasive populations of the Asian longhorned beetle worldwide.
